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Abstract: Three high-resolution satellite precipitation products, the Tropical Rainfall
Measuring Mission (TRMM) standard precipitation products 3B42V6 and 3B42RT and the
Climate Precipitation Center’s (CPC) morphing technique precipitation product (CMORPH),
were evaluated against surface rain gauge observations from the Laohahe Basin in northern
China. Widely used statistical validation indices and categorical statistics were adopted. The
evaluations were performed at multiple time scales, ranging from daily to yearly, for the years
from 2003 to 2008. The results show that all three satellite precipitation products perform very
well in detecting the occurrence of precipitation events, but there are some different biases in
the amount of precipitation. 3B42V6, which has a bias of 21%, fits best with the surface rain
gauge observations at both daily and monthly scales, while the biases of 3B42RT and CMORPH,
with values of 81% and 67%, respectively, are much higher than a normal receivable threshold.
The quality of the satellite precipitation products also shows monthly and yearly variation:
3B42RT has a large positive bias in the cold season from September to April, while CMORPH
has a large positive bias in the warm season from May to August, and they all attained their best
values in 2006 (with 10%, 50%, and –5% biases for 3B42V6, 3B42RT, and CMORPH,
respectively). Our evaluation shows that, for the Laohahe Basin, 3B42V6 has the best
correspondence with the surface observations, and CMORPH performs much better than
3B42RT. The large errors of 3B42RT and CMORPH remind us of the need for new
improvements to satellite precipitation retrieval algorithms or feasible bias adjusting methods.
Key words: satellite precipitation product; TRMM 3B42RT; TRMM 3B42V6; CMORPH; surface
rain gauge observation; Laohahe Basin
1 Introduction
Precipitation is a fundamental physical process of the global hydrological cycle, and its
temporal and spatial distribution has a significant impact on the land surface hydrological
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fluxes and states (Gottschalck et al. 2005; Tian et al. 2007; Su et al. 2008; Yong et al. 2010).
Acquiring accurate and real-time precipitation data is essential to researching the global
hydrological cycle, mitigating worldwide drought and flooding, simulating land surface
hydrological processes, and understanding global climate change (Joyce et al. 2004; Hong et
al. 2007a, 2007b). It is difficult to obtain precipitation data only from surface observations
(rain gauge and surface-based weather radar), for they are rare and even nonexistent in many
regions, and rain gauge observations also only measure point precipitation. For acquiring good
global temporal and spatial precipitation data, there have been some high-resolution global
satellite precipitation products operationally available, including precipitation estimation from
remotely sensed information using artificial neural networks (PERSIANN) (Sorooshian et al.
2000), the Climate Precipitation Center’s (CPC) morphing technique (CMORPH) (Joyce et al.
2004) of the National Oceanic Atmospheric and Administration (NOAA), the
PERSIANN-Cloud Classification System (Hong et al. 2004), and the Tropical Rainfall
Measuring Mission (TRMM) multi-satellite precipitation analysis (TMPA) products 3B42V6
and 3B42RT (Huffman et al. 2007). These satellite precipitation products have provided
quasi-global high-quality (3-hour temporal and 0.25° × 0.25° spatial resolution) precipitation
maps, but some of them have larger biases and systematic errors; thus, an evaluation of these
satellite precipitation products in particular is needed. There have recently been a number of
efforts to compare high-resolution satellite precipitation products with surface precipitation
observations in different countries (Tian et al. 2007; Dinku et al. 2007, 2008; Chokngamwong
and Chiu 2008; Yu et al. 2009). However, these studies are limited to the monthly scale. Also,
research on parts of northern China at higher latitudes and with lower precipitation is rare.
The objective of this study was to comprehensively evaluate three high-resolution
satellite precipitation products, TRMM 3B42V6, TRMM 3B42RT, and CMORPH, for the
Laohahe Basin in northern China. The evaluations were performed at a 0.25° × 0.25° spatial
resolution and ranged from daily to yearly time scales for the years from 2003 to 2008. We
selected the Laohahe Basin for its special characteristics of much high latitude, complex
terrain, low precipitation, and, most importantly, its high-quality dense network of 52 rain
gauge stations, which provided us with accurate surface precipitation observations. This paper
is organized as follows: section 2 introduces the study area, the data sets used, and the
evaluation indices; section 3 describes the evaluations of three satellite precipitation products
at multiple time scales for the years from 2003 to 2008; and conclusions are provided in
section 4.
2 Study area, data sets, and evaluation indices
2.1 Study area
The Laohahe Basin, a tributary of the West Liaohe River, with a drainage area of 18 112 km2
above the Xinglongpo Hydrologic Station, is located at the junction of Hebei Province,
Liaoning Province, and the Inner Mongolia Autonomous Region in Northeast China (Fig. 1).
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The basin extends from longitudes 117.25°E to 120.00°E and latitudes 41.00°N to 42.75°N,
and it has a temperate semi-arid continental monsoon climate. The elevation within the basin
ranges from 427 m to 2017 m above sea level, and the topography descends significantly from
southwest to northeast. The average annual temperature, precipitation, and runoff for the
period from 1964 to 2008 were about 7.5ć, 424 mm, and 28.3mm, respectively. The temporal
and spatial distribution of the precipitation within the Laohahe Basin is uneven, and about
80% of the annual precipitation occurs between May and September.
Fig. 1 Distribution of 52 rain gauge stations and 16 selected grid cells for precipitation comparison in study
area (Numbers are grid IDs, e.g., 0201 indicates first grid containing two rain gauges)
2.2 Data sets
We focused our study on three high-resolution satellite precipitation products: TRMM
3B42V6, TRMM 3B42RT, and CMORPH. Details of the three satellite precipitation products
and the rain gauge data are provided in Table 1.
Table 1 Details of precipitation products used in this study
Product Temporal resolution Spatial resolution Starting date Delay time
TRMM 3B42V6 3 h 0.25° × 0.25° Jan. 1998 10-46 d
TRMM 3B42RT 3 h 0.25° × 0.25° Jan. 2002 3-9 h
CMORPH 3 h 0.25° × 0.25° Dec. 2002 18 h
Rain gauge Daily Single-point Jan. 2003 Several months
2.2.1 TRMM 3B42V6 and 3B42RT precipitation data
TRMM is a joint satellite mission of the U.S. National Aeronautics and Space
Administration (NASA) and the Japan Aerospace Exploration Agency (JAXA), designed to
monitor and study tropical rainfall (Simpson et al. 1988). The TRMM satellite initially
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operated at a low inclination (35°) orbit, but after August 2001 its orbit was raised to an
inclination of 50° NS. The principal precipitation-measuring instruments on the satellite are the
TRMM microwave imager (TMI) and the precipitation radar (PR), as described in Kummerow
et al. (1998). It is a multichannel, passive, conically scanning, microwave radiometer.
The TRMM 3B42V6 and 3B42RT estimates are provided by TMPA at 3-h temporal and
0.25° × 0.25° spatial resolution (Huffman et al. 2007). The major inputs of the TRMM 3B42
algorithm are infrared (IR) data from geostationary satellites and passive microwave (PM)
data from TMI, the special sensor microwave/image (SSM/I), the advanced microwave
sounding unit (AMSU), and the advanced microwave sounding radiometer-earth observing
system (AMSR-E). The TRMM 3B42RT estimates are produced in three steps: (1) the PM
estimates are calibrated and combined, (2) IR precipitation estimates are created using the
PM estimates for calibration, and (3) PM and IR estimates are combined. The TRMM
3B42V6 estimates have added a monthly rain gauge data from the Global Precipitation
Climatology Project (GPCP) and World Confederation of Underwater Activities (CMAS)
incorporating step. The standard TMPA precipitation data are available in both
near-real-time (3B42RT, about 3-9 h after real time) and post-real-time (3B42V6, about
10-15 d after the end of each month) versions over a global latitude band of 50°NS. The
3B42RT data have been available on the internet since January 2002, while the 3B42V6 data
that we can obtain are from January 1998.
2.2.2 CMORPH data
The CMORPH technique performs global precipitation analyses at very high temporal and
spatial resolutions (Joyce et al. 2004). It is a blending technique, but not a precipitation
algorithmic estimation procedure, and thus it is extremely flexible, such that any precipitation
estimates from any microwave satellite source can be incorporated (Joyce et al. 2004). In the
CMORPH technique, PM data are used to obtain the precipitation estimates, while IR data are
used only to derive a cloud motion field that is subsequently used to propagate raining pixels.
Nowadays, the CMORPH data have two high-resolution versions: one with the same temporal
and spatial resolution as TRMM 3B42, and the other with much higher resolutions, 30 min and
8 km, respectively. In this study, the former was used, and the data covered the area from 60°S
to 60°N, globally, beginning in December 2002.
2.2.3 Rain gauge data
Surface-observed daily precipitation data from 2003 to 2008 recorded by 52 rain gauges
were used as a reference in our comparison. Fig. 1 shows the locations of the 52 rain gauge
stations used in this study, from which we can see that within the Laohahe Basin there is a much
denser distribution of rain gauges, so we can obtain an accurate precipitation observation series.
This study selected 16 grid cells (Fig. 1) for a precise comparison of the satellite precipitation
products with the surface observations. In any selected grid cell, there were at least two rain
gauges, in order to ensure a true value of precipitation in each grid cell. We first interpolated the
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data from the 52 rain gauges into a spatial distribution with a 0.0625° × 0.0625° resolution using
the inverse distance weighting method (IDW) (Bartier and Keller 1996), and then the 0.062 5° ×
0.062 5° resolution was aggregated to a 0.25° × 0.25° resolution.
The focus of this study was on evaluation of daily and monthly satellite precipitation
products, so the satellite precipitation products with a 3-h temporal resolution were aggregated
to produce the accumulated daily and monthly precipitation for comparison with the
interpolated rain gauge data. Our study period was from 2003 to 2008. Thus, three satellite
precipitation products of six years were compared roundly using the following evaluation
indices in 16 selected grid cells within the Laohahe Basin.
2.3 Evaluation indices
To quantitatively evaluate the three satellite precipitation products against the surface rain
gauge observations, five widely used statistical validation indices were adopted in our study.
The correlation coefficient (C) was used to assess the agreement between the satellite
precipitation and rain gauge observations. The mean error ( E ) and mean absolute error ( aE )
measured the average magnitude of the error. The relative bias ( B ) described the systematic
bias of the satellite precipitation. The Nash-Sutcliffe coefficient ( NSC ) (Nash and Sutcliffe
1970) measured the consistency of the satellite precipitation and gauge observations both in
amount and temporal distribution.
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where n is the total number of the rain gauge data or satellite precipitation data; iS and
iG are the ith values of the satellite precipitation data and rain gauge observations,
respectively; and G and S are the mean values of the rain gauge observations and
satellite precipitation data, respectively.
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We also adopted five categorical statistical indices, the probability of detection ( ODP ),
false alarm rate ( FAR ), critical success index ( CSI ), equitable threat score ( ETS ), and Hanssen
and Kuipers discriminant ( HKD ) (Ebert et al. 2007; Dinku et al. 2008), to measure the
correspondence between the satellite precipitation products and rain gauge observations. ODP
represents how often the rain occurrences are correctly detected by the satellite, which we also
call the hit rate; FAR denotes the fraction of cases in which the satellite records precipitation
when the rain gauges do not; CSI shows the overall fraction of precipitation events correctly
diagnosed by the satellite; ETS shows how well the satellite precipitation events correspond to
the rain gauge observations; and HKD describes how well the satellite estimates discriminate
between rain and no-rain events. Rain or no-rain events were defined by some thresholds, and
the precipitation threshold used in this study was 1.0 mm (Table 2). Perfect values of ODP ,
FAR , CSI , ETS , and HKD were 1, 0, 1, 1, and 1, respectively. The categorical statistical
indices were calculated with the following formulas:
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where HRt stands for hits that could occur by chance: H M H FHR
( )( )t t t tt
n
+ +
= ; N, M, F, and H
are different cases, shown in Table 2; and Nt , Mt , Ft , and Ht are the times of occurrence
of corresponding cases.
Table 2 Contingency table for comparison of grid-averaged rain gauge observations and
satellite precipitation estimates
Condition Rain gauge precipitation ˘ threshold Rain gauge precipitation ı threshold
Satellite precipitation ˘ threshold N M
Satellite precipitation ı threshold F H
3. Evaluation of satellite precipitation products
3.1 Daily evaluation
To compare the daily precipitation of 3B42V6, 3B42RT, and CMORPH with surface rain
gauge observations, scatter plots of the daily estimates from the three satellite precipitation
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products versus rain gauge observations for the 16 selected grid cells within the Laohahe
Basin are shown in Figs. 2(a), (b), and (c), respectively. From the scatter plots and the
calculated daily evaluation indices, we can see that 3B42V6, with a 21% systematic
overestimation bias, is much better than 3B42RT and CMORPH, which have 81% and 67%
systematic overestimation biases, respectively. The daily E , aE , and NSC values of 3B42V6
are also much better than those of 3B42RT and CMORPH. 3B42V6 and CMORPH have
corresponding values of FAR , CSI , and ETS , which are much better than those of 3B42RT.
Fig. 2 Scatter plots of rain gauge observations vs. three different satellite precipitation products at daily and
monthly scales in 16 selected grid cells within Laohahe Basin
Shan-hu JIANG et al. Water Science and Engineering, Dec. 2010, Vol. 3, No. 4, 405-417412
CMORPH also has the best ODP and HKD values, 0.77 and 0.64, respectively, among the three
satellite precipitation products. The values of the five categorical statistics show that all three
satellite precipitation products are reasonably good at detecting the precipitation events in the
Laohahe Basin, but CMORPH is a little better than 3B42V6 and 3B42RT. From the daily C
index we can see that 3B42V6 and CMORPH, whose values are 0.56 and 0.63, respectively,
have a better agreement with the rain gauge observations than 3B42RT. Based on the daily
scatter plots and evaluation indices analysis, we can infer that 3B42V6 performs a
comprehensively better estimation of precipitation than 3B42RT and CMORPH at a daily
scale, and CMORPH shows a much better estimation than 3B42RT.
We further divided the daily precipitation (P) into six categories: 0 < P  1 mm, 1 mm <
P  5 mm, 5 mm < P  10 mm, 10 mm < P  15 mm, 15 mm <P  20 mm, and P > 20 mm,
and the precipitation occurrence frequencies of the rain gauge observations, 3B42V6, 3B42RT,
and CMORPH, in 16 selected grid cells across the Laohahe Basin, is given in Table 3. We can
see that all the CMORPH data have much better agreement with the rain gauge observations in
precipitation occurrence frequency in different categories than those of 3B42V6 and 3B42RT.
3B42V6 and 3B42RT underestimated the lowest precipitation intensity (PI) range (less than 1
mm) and overestimated the higher PI range from 1 to 20 mm. Thus, we can infer that, within
the Laohahe Basin, the PI distribution of CMORPH is consistent with the rain gauge
observations. From Table 3, we also see that there are few intense precipitation events, and
most of the daily precipitation values are between 0 to 5 mm. This conclusion is supported by
the widespread lack of precipitation in the semi-arid regions in northern China.
Table 3 Precipitation occurrence frequency of rain gauge observations, 3B42V6, 3B42RT, and CMORPH,
in 16 selected grid cells within Laohahe Basin
Daily precipitation
category (mm)
Precipitation occurrence frequency (%)
Rain gauge observations 3B42V6 3B42RT CMORPH
> 0-1 51.6 25.4 24.5 49.0
> 1-5 26.5 39.4 41.8 27.7
> 5-10 11.4 16.8 16.5 11.0
> 10-15 4.8 7.7 7.1 5.1
> 15-20 2.5 4.3 3.5 2.9
> 20 3.2 6.4 6.6 4.3
3.2 Monthly evaluation
The scatter plots of the monthly estimates of 3B42V6, 3B42RT, and CMORPH versus
rain gauge observations are also shown in Figs. 2(d), (e), and (f). As opposed to the daily
analysis, the monthly scatter plots indicate that 3B42V6 performed better than 3B42RT and
CMORPH. Figs. 2(d), (e), and (f) show that 3B42V6 has perfect C and NSC values of 0.93
and 0.91, respectively; while the C and NSC values are only 0.71 and 0.03 for 3B42RT, and
0.85 and 0.05 for CMORPH, respectively. The values of E , aE , and B for 3B42V6 are also
much better than those of 3B42RT and CMORPH. The monthly scatter plot comparisons show
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that with monthly rain gauge observation adjustment, the monthly 3B42V6 precipitation has a
complete fit with the rain gauge observations at a monthly scale, which is much superior to
that of the daily analysis. Also, CMORPH has much better evaluation indices than 3B42RT
except that both of them have similar weak values of NSC , 0.03 and 0.05, respectively, due to
their larger values of B.
Fig. 3 shows the monthly precipitation time series, and E and C values of each month
from 2003 to 2008, averaged over the 16 selected grid cells within the Laohahe Basin for
different precipitation products. Fig. 4 shows the mean monthly precipitation, E and C
values of the six years. Both figures demonstrate an intuitional valuation of the three
satellite precipitation products at a monthly scale. From Figs. 3 and 4 we can see the
following: 3B42V6 fits best with the rain gauge observations at all times; 3B42RT
significantly overestimates the precipitation in the cold months from September to April, and
estimates well in other months, while CMORPH significantly overestimates the precipitation in
Fig. 3 Temporal evaluation of monthly precipitation from 3B42V6, 3B42RT, and CMORPH averaged over 16
selected grid cells within Laohahe Basin from 2003 to 2008 with data from rain gauge observations
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the warm months from May to August, which happens to be the opposite of the strengths
3B42RT. Fig. 3 also shows the interesting phenomenon of the yearly change in quality of the
3B42RT and CMORPH products, which takes a turn for the better after the end of 2005;
particularly in the year 2006, 3B42V6 and CMORPH completely coincide with the rain gauge
observations, and 3B42RT also shows good agreement with the rain gauge observations. From
the C value analysis, we can see that the C values of the three satellite precipitation products
show monthly change, and they all attain good values in the months from May to October.
Fig. 4 Evaluation of 6-year mean monthly precipitation (2003-2008) from 3B42V6, 3B42RT, and CMORPH
within Laohahe Basin with data from rain gauge observations
3.3 Yearly evaluation
To further investigate the yearly quality changes of the 3B42V6, 3B42RT, and CMORPH
products, the yearly values of C, E , aE , B, and NSC statistics of the 3B42V6, 3B42RT, and
CMORPH products at a daily scale are shown in detail in Table 4. In the year 2006, the B
values of the 3B42V6, 3B42RT, and CMORPH products are 0.10, 0.50, and –0.05,
respectively, and 3B42V6 and CMORPH also attain perfect NSC values of 0.58 and 0.60,
respectively. In a word, in 2006 all three satellite estimates show their best values for the six
years. The E , aE , and B values of CMORPH in the years 2007 and 2008 are also a little
better than those in the years before 2006, and the 3B42RT product attains the largest B value
of 1.40 in 2003.
The scatter plots of daily and monthly 3B42V6, 3B42RT, and CMORPH estimates versus
rain gauge observations for the year 2006 are graphed in Fig. 5, which shows us that all three
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satellite estimates have good agreement with the rain gauge observations both at daily and
monthly scales in 2006, except the 3B42RT product, which overestimated some daily and
monthly precipitation. The values of the five categorical statistics indices show that the three
satellite precipitation products did well in detecting the precipitation events in 2006. They
also have prefect values of C, E , aE , and NSC against rain gauge observations at a
monthly scale.
Table 4 C, E , aE , B, and NSC statistics for 3B42V6, 3B42RT, and CMORPH precipitation products at
daily scale for years from 2003 to 2008
Year
3B42V6 vs. rain gauge 3B42RT vs. rain gauge CMORPH vs. rain gauge
C E
(mm)
aE
(mm)
B NSC C
E
(mm)
aE
(mm)
B NSC C
E
(mm)
aE
(mm)
B NSC
2003 0.56 0.32 1.43 0.26 0.11 0.35 1.70 2.97 1.40 –3.48 0.64 1.11 1.8 0.92 –0.25
2004 0.61 0.1 1.19 0.09 0.46 0.40 0.60 1.87 0.52 –0.20 0.68 0.91 1.6 0.79 0.19
2005 0.55 0.27 1.40 0.22 0.10 0.55 0.88 1.89 0.72 –0.13 0.67 1.16 1.8 0.95 -0.51
2006 0.58 0.11 1.10 0.10 0.58 0.52 0.51 1.40 0.50 0.39 0.65 –0.10 0.9 –0.05 0.60
2007 0.54 0.26 1.14 0.29 0.33 0.52 0.84 1.57 0.92 –0.14 0.57 0.59 1.3 0.65 –0.88
2008 0.58 0.31 1.15 0.32 0.20 0.51 0.73 1.49 0.74 –0.29 0.68 0.65 1.2 0.66 –0.02
Fig. 5 Daily and monthly estimates of 3B42V6, 3B42RT, and CMORPH vs. rain gauge
observations for year 2006
4 Conclusions
This study compared three high-resolution satellite precipitation products, TRMM
3B42V6, TRMM 3B42RT, and CMORPH, against the dense rain gauge observations in 16
selected grid cells within the Laohahe Basin in northern China from the years 2003 to 2008.
Comprehensive indices were introduced to evaluate the quality of the 3B42V6, 3B42RT, and
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CMORPH precipitation products from daily to yearly time scales, and exhaustive comparisons
were processed. The conclusions of our investigation are as follows:
(1) From the validation statistics, we can see that the 3B42V6 product, with a bias of 21%,
has better agreement with the surface observations both in amount and temporal distribution;
in particular, at the monthly scale, 3B42V6, with high C and NSC values of 0.93 and 0.91,
respectively, fits perfectly with the surface observations due to its incorporation of monthly
rain gauge observations. 3B42RT and CMORPH both have higher biases of 81% and 67% and
lower monthly C values of 0.71 and 0.85, respectively.
(2) The categorical statistics show that all three satellite precipitation products perform
very well in detecting the occurrence of precipitation events. However, there are some
differences with the validation statistics analysis. CMORPH, which is a near-real-time satellite
product that does not merge surface observations, has the best values of ODP , CSI , and HKD ,
which are 0.77, 0.44, and 0.64, respectively. 3B42V6 has slightly better categorical statistics
values than 3B42RT.
(3) The quality of the satellite precipitation products also has yearly and monthly
variation: From Table 4 and Fig. 5, we can infer that the three satellite precipitation products
all attain their best values in 2006, when the biases of 3B42V6, 3B42RT, and CMORPH are
0.10, 0.50, and –0.05, respectively, and the categorical statistics values also show that the
satellite precipitation products have a better ability in detecting the occurrence of precipitation
events in 2006 than the average level from 2003 to 2008. Fig. 4 shows that 3B42RT has a
large positive bias in the cold season from September to April, while CMORPH has a large
positive bias in the warm season from May to August.
These satellite precipitation products have significant potential in global hydrological
application and research, but there are still some large errors in the near-real-time satellite
products (3B42RT and CMORPH) fully based on the remote sensing data, especially in
high-latitude and complex-terrain regions. This paper has described in detail the errors of
3B42V6, 3B42RT, and CMORPH, and the yearly variation of the quality of the three satellite
precipitation products for the Laohahe Basin in northern China. It will be a good reference for
future development of global precipitation measurement (GPM) algorithms, as well as their
applications to global land data assimilation and bias adjustment, especially in China.
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